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Abstract—A new approach for TCAD modeling of CNT FET
gas sensors is presented, whose key feature is the use of an
effective Gaussian DOS to mimic the 1D CNT DOS. The TCAD
procedure has been applied to the simulation of a suspended
CNT FET for NO2 sensing. Our results indicate that the model
is able to provide I-V characteristics in excellent agreement with
the experimental data, both before and after gas exposure.
I. INTRODUCTION
Being all-surface objects exhibiting at the same time
chemical, thermal and mechanical stability, carbon nanotubes
(CNTs) are ideally suited to build highly sensitive, low-
power and low-cost miniaturized gas sensors [1]. In [2] a
device architecture based on a suspended CNT FET has
been presented that offers the advantage of reduced power
consumption, hysteresis-free operation and improved signal-
to-noise ratio.
Modeling in general is extremely useful to improve the
understanding of device operation and to assist device op-
timization. For CNT gas sensors in particular, the use of
industry-level technology CAD (TCAD) tools is particularly
attractive for their robustness and flexibility in handling com-
plex 3D geometries. Moreover, as opposed to CNT FETs for
nanoelectronic applications, in gas sensors the typical CNT
lengths are of the order of micrometers, making the use of the
TCAD diffusive transport approximation in the channel well
justified (ballisticity is below 50% for a 300-nm long CNT
[3]), while the typical measured conductances are orders of
magnitude smaller than the quantum conductance limit.
On the other hand, commercial TCAD tools at present do
not offer the possibility of modeling structures where the
density-of-states (DOS) of carriers is markedly 1D, as indeed
is the case in CNTs. This could explain why almost no
TCAD modeling activity of CNT FETs has been reported in
the literature (in [4] TCAD is used only to extract parasitic
capacitances in CNT FETs).
The aim of the present work is to present an approach to
3D TCAD simulation of CNT FET gas sensors. The method is
benchmarked against the experimental results presented in [5].
We show that after calibration of the main model parameters, a
good match is obtained between experiments and simulations
with and without gas exposure.
II. TCAD MODELING APPROACH AND DEVICE GEOMETRY
The starting point is the observation that, for the purpose of
TCAD simulations, a semiconducting CNT can be modelled
Fig. 1. (a) The first two subbands above the Dirac energy of the theoretical
DOS of a zig-zag (26, 0) CNT (black solid line) are plotted together with
the standard TCAD 3D DOS, integrated over the cylinder cross-section, of a
semiconductor having the same energy gap and effective mass of the CNT first
subband (green dashed line), and the calibrated Gaussian 3D DOS integrated
over the cross-section (red short dashed line). (b) Electron densities n vs.
Fermi-energy EF corresponding to the above described DOS models.
as a cylinder with the same diameter than the actual CNT and
filled with a properly defined semiconductor material, provided
the correct CNT electron linear density n vs. Fermi-energy EF
relationship is preserved. A fundamental difficulty here is that
TCAD packages (SDevice by Synopsys [6] is used in this
work) do not offer the option for a 1D electron-gas (1DEG)
DOS model. The point is illustrated in Fig. 1(a), where the
theoretical DOS of a zig-zag (26, 0) CNT of 2-nm diameter [7]
is compared with the TCAD 3D DOS integrated over the area
of the cylindrical cross-section for a semiconductor having the
same energy gap and first-subband effective mass as the CNT.
This leads to a significantly inaccurate n-vs.-EF relationship,
as shown in Fig. 1(b).
To circumvent the problem we decided to adopt the Gaus-
sian 3D DOS model of SDevice, which exhibits a peaked-
shape (see Fig. 1a). After calibration, such Gaussian DOS
model provides an n-vs.-EF curve very similar to the target
CNT one, as shown in Fig. 1(b), with an absolute relative
error of less than 20% for 0 ≤ EF − ED ≤ 0.4 eV. It
should be noticed that only one Gaussian DOS is used in
this work, mimicking only the first subband. This explains
why the approximated n-vs.-EF curve tends to saturate at
high EF , while the CNT n increases when EF enters the
second subband. A second Gaussian DOS bump could be
used to improve this aspect, but this is not necessary for
the concentration levels relevant in experimental devices, as
discussed below.
The residual n-vs.-EF error has very little impact on the
overall simulation results, due to the suspended CNT topol-
ogy with a thick air layer between the CNT and the gate
(see Fig. 3). With reference to the vertical transverse cross-
section shown in the inset of Fig. 2, the air-layer capacitance
typically turns out to be much smaller than the CNT quantum
capacitance, as calculated from the derivative of the n-vs.-EF
curve of Fig. 1(b). For example, with dG = 200 nm it follows
CAIR = 0.0093 fF/µm vs. CCNT ' 1 fF/µm. Since CAIR and
CCNT are in series, the n-vs.-VGS relationship depends very
little on the CNT capacitance, making the picture quite tolerant
against small errors in the CNT DOS model, as shown in Fig.
2. From the figure it is also seen that the neglect of the second
subband is responsible for the saturation of the Gaussian-DOS
n at high gate voltages, which however exceed the typical
range utilized in experiments (see Fig. 4 and Fig. 5).
It should be noted that in Fig. 1(a) only the electron
subbands and DOS are shown for simplicity, but actually in
the TCAD simulations the CNT conduction and valence bands
are modelled symetrically, so the above considerations apply
to holes equally well.
The full device is modelled in TCAD with the 3D geometry
shown in Fig. 3, which resembles the one in [5]. A CNT of
2-nm diameter and 2-µm length is anchored at both ends at
the center of two supporting pillars. Each pillar consists of
a layer of silicon dioxide (thickness 240 nm), capped with a
40-nm layer of palladium. At the bottom, another 40-nm layer
of Pd lies between these pillars, making dG = 240 nm. The
space between the supporting pillars below the CNT and up
to 240 nm above the CNT is filled with an insulating material,
whose relative permittivity is equal to 1 (air).
While in the real structure the pillars and the gate are several
micrometers wide, in the simulated device the width wG has
been set to four times dG. It has been verified that this is
enough to accurately model lateral electrostatic effects.
The standard SDevice Schottky contact model is used at the
Fig. 2. Linear electron density n-vs.-VGS curves for the theoretical 1D
DOS and the Gaussian 3D models plotted in Fig. 1(a). Inset: schematic of
the vertical transverse cross-section of a suspended CNT FET; the full 3D
geometry is illustrated in Fig. 3.
source/drain contacts. The contacted areas coincide with the
two circular cross-sections at the two CNT ends. It is useful
for the discussion in the next section to remind here the form
of the Schottky contact boundary condition for the current
continuity equation, which for holes (and similar for electrons)
is
Jp · nˆ = q vp,rec(p− p0), (1)
where Jp is the hole current density vector, nˆ the unit vector
normal to the contact surface pointing outward, p the hole con-
centration at the contact, vp,rec the generation/recombination
velocity for holes and p0 the equilibrium hole concentration at
the contact, which is fixed by the barrier height. At the source
Fig. 3. The 3D geometry of the simulated suspended CNT FET. In the inset,
the source region has been magnified. The contact region is highlighted in
magenta.
Fig. 4. (a)-(c) Experimental (empty symbols) and simulated transfer charac-
teristics for VSD = 0.2 V and 0.5 V. In the simulated curves of (a), the contact
resistance is set to zero and the recombination velocity is responsible for the
saturation at high VGS. In (b), the recombination velocity is fixed to a very
high value, and the current saturation is due only to the contact resistance.
In (c) both the contact resistance and the recombination velocity are used to
best match the experimental results.
contact holes are injected into the CNT and p < p0, while at
the drain contact holes are removed from the CNT and p > p0.
It has been shown that the workfunction of single-walled
zig-zag CNTs of diameter larger than 1 nm is very close to
the one of graphene (4.55 eV) [8]. Therefore, such value has
been adopted here. The workfunction of Pd has been set to 4.9
eV, which gives a slightly negative Schottky barrier height for
holes equal to -0.16 eV. Actually, experimental results show
that Pd creates near-Ohmic contacts to single-walled CNTs
with diameter greater of 1.6 nm, while non-negligible positive
Schottky barriers are found only for CNTs of diameter smaller
than 1.6 nm [9].
The other model parameters are treated as adjustable pa-
rameters, following the procedure outlined in the next section.
III. RESULTS AND DISCUSSION
The first step is the consideration of the experimental ISD-
VGS characteristics in dry air, which are shown in Fig. 4 for
two values of VSD, namely 0.2 V and 0.5 V. The measurements
have been performed with one VGS sweep in a fresh device,
just after fabrication, and show almost no hysteresis. The
current saturation at high negative VGS is a strong indication of
some injection limiting mechanism occurring at the contacts.
Moreover, the fact that the saturation level significantly de-
pends on the drain voltage suggests the presence of a sizable
contact resistance. Indeed, a constant contact recombination
velocity, which is part of the Schottky contact model as
described above, can not explain, if considered alone, the VSD
dependence of the saturation current. This is illustrated in Fig.
4(a), which shows that the different simulated current curves
saturate to the same value when there is no contact resistance.
Fig. 5. Experimental (empty symbols) and simulated (solid lines) transfer
characteristics of the CNT FET in dry air and in case of exposure to 50 ppb,
200 ppb and 1 ppm concentrations of NO2. VSD = 0.5V.
This can be understood from (1), which leads to a current
saturation value independent of VSD when p << p0 at the
source contact.
On the other hand, a constant contact resistance RC alone
is not sufficient to model the experimental behavior. The
simulated currents of Fig. 4(b), which have been obtained
with a very high value of vp,rec practically forcing p = p0
in (1) and by adjusting the contact resistance so as to fit the
VSD = 0.2 V saturation current, indicate that some additional
current limiting mechanism must be invoked at VSD = 0.5 V.
This mechanism can be found in the contact recombination
velocity itself. The pair of values RC = 3.15 × 106 Ω and
vp,rec = vn,rec = 4.2 × 105 cm/s fits well the measured
saturation currents for both VSD, as shown in Fig. 4(c). It
should be noticed that in the simulation results of Fig. 4 the
gate workfunction has been adjusted (using the same value for
both VSD) in order to match the experimental threshold.
The CNT mobility value is mainly responsible for deter-
mining the slope of the linear part of the characteristics just
above threshold and around the knee at the onset of current
saturation. A spatially constant mobility model is used for
simplicity. A good fitting with experiments (see Fig. 4(c))
is obtained with µ = 8 × 103 cm2/Vs at VSD = 0.2 V and
µ = 4 × 103 cm2/Vs at VSD = 0.5 V. The smaller value
at larger drain voltage can be due to a number of reasons,
including the onset of velocity saturation in the CNT region
close to the drain caused by the longitudinal electric field, or
weak self-heating effects.
The second step is the consideration of the ISD-VGS charac-
teristics in the presence of NO2. The experimental data shown
in Fig. 5 correspond to averages taken at VSD = 0.5 V in the
last ten minutes of an overall 1-hour exposure to different gas
concentrations or in dry air. The NO2 concentration impacts
Fig. 6. Values of recombination velocity, contact resistance, p-doping concen-
tration and mobility vs. NO2 concentration resulting from best match between
simulations and experimental data.
several aspects of the characteristics, primarily the saturation
current, and to a lesser extent also the linear slope and the
threshold voltage. Therefore, from the above discussion it
appears that in the model the resistance and recombination
velocity of the contacts, as well as the CNT mobility, have
all to be made NO2-concentration dependent. In addition, in
order to mimic the NO2 electron acceptor behavior, which
effectively p-dopes the CNT channel, a spatially uniform
p-doping concentration is introduced in the CNT, function
of the gas concentration. In Fig. 5 the simulated currents
are compared with the measured ones, while the extracted
parameters vs. NO2 concentration are collected in Fig. 6.
Increasing the NO2 concentration essentially causes a drop
of the contact resistance and a nearly linear increase of the
recombination velocity, both responsible for the variation of
the saturation current. We believe that the increase of recom-
bination velocity is related to the formation of recombination
centers at the metal-CNT interfaces. An increasing trend not
too far from linear is also exhibited by the effective doping
level, corresponding to a rightward shift of the threshold
voltage. Finally, the mobility tends to decrease with NO2. We
attribute this reduction to an increase with NO2 of the hole
scattering centers in the CNT. Our findings show that transfer
characteristics are mostly controlled by contact properties, in
partial agreement with [10].
IV. CONCLUSION
In this abstract we have shown that a 3D TCAD modeling
approach is able to explain with sufficient accuracy the current-
voltage characteristics of suspended NO2 CNT FET sensors.
The main ingredients of the adopted approach are a non-
standard semiconductor Gaussian DOS model to mimic the 1D
CNT DOS and a resistive Schottky model for the source/drain
contacts. Experimental transfer characteristics at different VSD
in dry air and after exposure to different gas concentrations
have been successfully reproduced, using the Schottky contact
recombination velocity and resistance, as well as the channel
mobility and effective doping concentration as adjustable
parameters. We believe the proposed methodology will be
helpful for future interpretation and optimization of this very
promising type of gas sensor.
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